A direct path-integral scheme with fatigue constitutive models for concrete tension, compression and rough crack shear is used to predict the life-cycle of RC slabs. The three-dimensional fatigue analysis successfully predicts the characteristic mode of failure under moving loads as well as in the case of fixed-point pulsation in shear. Importantly, drastically shortened fatigue life under traveling wheel-type loads is mechanically demonstrated by implementing a constitutive model of cracked concrete using a direct path-integral method of fatigue damage simulation. A sensitivity study is carried out to clarify the influence of shear transfer decay and compression fatigue on RC slab performance. The effect of boundary conditions on fatigue life is also investigated.
Introduction
A direct-path integral scheme for fatigue simulation became a practical possibility with a newly proposed RC constitutive model that considers microscopic damage under small but high-cycle pulsations (Maekawa et al. 2006a ). In this model, the rate-type constitutive equations for materials are strictly path-integrated. To date, this simulation method has been linked with steel corrosive damage (Toongoenthong and Maekawa 2004) as shown in Fig. 1 . The mechanism of structural fatigue can be explained by integrating fatigue damage evolution of concrete and steel over extremely small increments in compression, tension and shear over a long timescale.
A logarithmic time integration of the constitutive model is proposed as a way to provide high-speed but reasonably accurate solutions for fatigue events, as shown in Fig. 2 . The magnified direct time-path integral has been verified to be mathematically and computationally consistent with the exact solution. In this paper, the authors aim to extend this direct path-integral method to full three-dimensional analysis of fatigue failure and to apply the method to the fatigue life simulation of RC slabs or decks subjected to traveling wheel-type loads.
The fatigue life of RC bridge decks has long been a key issue in life-cycle design and maintenance. Maeda and Matsui et al. (1984, 1987) found a drastically shortened fatigue life of RC slabs, which was successfully verified through experiment, under traveling wheel loads. This pioneering work has greatly contributed to the fatigue design and codification of concrete bridges. Currently, new bridge deck structural systems, such as steel-concrete composites and non-metallic reinforcement, are being proposed. However, the performance of these new structures is mostly examined using full-size mockups in laboratories. There is, therefore, considerable demand for a versatile design concept. The authors presume that this is the right time to quantitatively clarify the mechanism of fatigue failure under both fixed and moving loads, with the shortened life resulting from traveling wheel-type loads being of particularly great interest.
In the field of bridge maintenance, seriously damaged RC slabs are sometimes discovered in service. There is demand for a quick and rational method of repair for such cases (Hasan et al. 1998 , Oh et al. 2005 . A method of retrofit design for damaged RC slabs is called for. Residual fatigue life and an effective repair design must be determined on a firm mechanistic basis to enable assessment of remaining function. Otherwise, there is a danger of a non-strategic retrofit leading to costly maintenance, an outcome that has been experienced in real practice.
As material damage develops with 3D scope in RC slabs under high-cycle load repetition, reduced DOF elements such as Mindlin plates and 3D fiber elements based on the in-plane hypothesis cannot be used for the purpose of the analysis, because the failure mode is rather out-of-plane. This makes full three-dimensional treatment indispensable and is the rationale for applying extended 3D fatigue simulation to RC slabs subjected to traveling wheel-type loads in this study. The objective is to develop an experimentally verified method of 3D fatigue analysis and investigate the mechanism by which the fatigue life of RC slabs is shortened using sensitivity analysis and a comparison with observations.
Direct path-integral scheme for fatigue simulation
In the past decade, direct path integral schemes have been successfully used to simulate the dynamic response of structures under seismic action. In certain cases they have been specified as a tool for assessing structural performance during design. With these methods, cyclic degradation is expressed in terms of incremental plasticity and damage, which grow in structural concrete. This scheme has now been extended into a more versatile means of fatigue analysis on the basis of the multi-directional fixed crack model (Maekawa et al. 2003) . The evolution of fatigue damage at the material level has been formulated in terms of rate-type constitutive equations that have been installed into the in-plane multi-crack domain, as shown in Fig. 3 . The stress-carrying mechanism is assumed to comprise three core models in a one-dimensional (1D) field.
These 1D-core models for concrete are models of compression, tension and crack shear and were first formulated with regard to incremental strains. Furthermore, time-dependency and fatigue effects have been investigated by El-Kashif and Maekawa (2004) for compression modeling. For shear transfer, Maekawa (2006a) and Gebreyouhanness (2006) extended the original contact density model (Li and Maekawa 1989) to the fatigue one.
A systematic verification through experiment has been presented for 2D in-plane stress states, chiefly under combined flexure and shear. Figure 4 shows an example of fatigue analysis for RC beams without web reinforcement and the corresponding S-N diagram for single-sided full amplitude (Maekawa et al. 2006a) . Diagonal crack propagation under pulsating shear is a characteristic behavior. The modified truss analogy, which forms the basis of current shear fatigue design for RC beams with web reinforcement, was also validated through this work.
In this new study, the previously validated in-plane RC model incorporating creep and fatigue evolution will be extended into 3D orthogonal space by means of the (Maekawa et al. 2006a) .
Vc, Vco: Shear amplitude and static shear capacity; N: cycle count at failure composition method proposed by Maekawa et al (2003) as summarized in Fig. 5 . This composition method is regarded as a simple extension of the multi-directional non-orthogonal fixed crack approach and has already been verified under low-cycle static and dynamic loads. In the past, RC columns subjected to mixed flexure, shear and torsion were targeted to investigate seismic performance. In the section that follows, the applicability of this approach to 3D fatigue problems will be discussed. Whatever the complexity of the loading hysteresis, the multi-axial stress-carrying mechanism is formulated as a linear combination of 1D sub-mechanisms representing the cracked concrete and reinforcement as proposed by Collins and Vecchio (1982) .
Fatigue in RC slabs
In this chapter, the extended three-dimensional fatigue simulation described above will be verified with knowledge gained about the fatigue life of RC slabs under fixed and moving wheel-type loads. Later, sensitivity analysis will be carried out to clarify the mechanism of fatigue mainly in terms of boundary conditions and shear transfer along cracks.
Failure mode under fixed and moving loads
The simply supported RC slab subjected to moving wheel-type loads described by Maeda and Matsui (1984) is used for the purpose of verification. The plane dimensions of the slab are 2 m x 3 m and it is 19 cm thick. Single layers of reinforcement consisting of D16@9cm and D16@18cm are provided on the tension and compression sides in the transverse (main) direction. The bar center-to-surface distance is 3 cm in both layers. The tension and compression reinforcement in the longitudinal direction (wheel-travel direction) consists of D13@25cm and D13@40cm, respectively. In this case, the bar center-to-surface distance is 4.45 cm. No web reinforcement is used. In computation, 30 MPa is assumed to be the compressive strength of the concrete and a high yield strength is assumed for the reinforcement (800 MPa) to prevent fatigue rupture of the steel. Analysis is carried out on a half domain of the slab with the x-coordinate (load travel direction) defined as the axis of symmetry as shown in Fig. 6 . In the experiment, the two longitudinal edges were simply supported and transversely supported by the elastic steel girders to replicate the greater dimensions of real bridge decks. In the analysis, all four peripheral edges are simply supported with free rotation and unbound horizontal translation for simplicity. Actually, fatigue life is found to be computationally less sensitive to the effect of transverse boundary conditions although deflection of the slab is much affected. The effect of transverse elastic support by steel girders will be discussed together with failure modes in the next chapter.
Two types of load, cyclic fixed point loading and traveling wheel-type loading, are applied to allow for a comparison of failure mode and fatigue life, as shown in Fig. 6 , where the magnified displacement profile is drawn inverted for ease of understanding. As a wheel-type load (tire) is not a concentrated sharp line but rather a belt action with breadth, forces are applied simultaneously on 6 adjacent nodal points on the central strip of finite elements (see Fig. 7 ), and the center of the resultant forces was gradually moved by shifting three (Maekawa et al. 2003) .
sets of nodes on the loading FE strip. This results in a computed width of the wheel track of 17.3 cm. The magnified direct path integral is applied with the binary increasing magnification factor (Maekawa et al. 2006a) with each passage along the slab axis. Approximately 50 time-steps were implemented for a single load pass. About 3000 steps in total were required for the whole simulation of one million passes.
In order to accelerate the computation, a multi-frontal direct linear sparse matrix solution (Schenk et al. 2004) was applied to the nonlinear FE program coded as COM3. As a result, it takes about a day to complete the one million fatigue cycles. This may be faster than a real fatigue test. For each step, about 10 iterations were needed to reach equilibrium, at which unbalanced nodal forces are allowed to be no greater than 1% of the total applied Damage and corresponding deformation are localized around the load point after many pulsating.
Damage and corresponding deformation are dispersed along the slab axis after many passages.
Magnified vertical displacement of the bottom face of the slab (upside down drawing)
Fixed point pulsating load
Load position and direction fixed. forces. The total degree of freedom is about 4200 for the discretized FE model (see Fig. 6 ).
There was a great difference in failure modes with the two types of loading. Magnified details of the mode of failure are shown in Fig. 7 for fixed-point loading. Several FE strip layers are selected and shown in the magnified displacement diagram along the track and transverse directions. The so-called punching shear mode of failure is identical with the conical-shaped plane of failure (Higai 1978 , Kakuta and Fujita 1982 , Graddy et al. 2002 under concentric pulsation. Localized deformation of the slab in both longitudinal and transverse directions takes place and distinct concentrated downward displacement is visible at the center of the slab.
In the case of moving loads, a diagonal shear failure plane also appears in the transverse direction normal to the wheel-track, but typical shear failure modes are not in evidence in the longitudinal direction of the slab (see Fig.  8a and Fig. 8b ). This computational simulation is very consistent with experimental observations. The figures also show cross sections obtained after the experiment by cutting the specimens. Under moving loads, multi-directional flexural cracks occur over the whole domain of the RC slab. Diagonal shear cracks in the longitudinal direction are prevented by crack-to-crack interaction (Pimanmas and Maekawa 2001) . As a result, the load-carrying mechanism evolves from punching shear to semi in-plane load-carrying over the transverse direction. The three-dimensional direct path-integral scheme makes it possible to reproduce the mechanistic character of failure modes and deformation. Accordingly, the fatigue life is not necessarily invariant but can differ with loading and boundary conditions. This is discussed in the following chapter.
Computed fatigue life
Under high-cycle wheel load, deflection at the center of the slab gradually increases. The important issue is that the residual displacement also progresses, as shown in Fig. 9 , and the computational result agrees fairly well with reality. The drastically shortened fatigue life observed under this type of dynamic loading, as shown in Fig. 10 , is particularly noteworthy. Under fixed-point loading, the fatigue life diagram (S-N diagram) is quite similar to that of RC beams (Kakuta and Fujita 1982) but with wheel-type loading the slab life-cycle is considerably degraded (Matsui, et al. 1984 , 1987 , Perdikaris, et al. 1988 .
Roughly speaking, life is reduced by 1/100-1/1000 in the computations, consistent with experimental observations. As explained by Maeda and Matsui (1984) , the load-carrying mechanism may evolve as a result of crack-to-crack interaction and this results in a reduced area of diagonal shear fracture planes. This shift in the S-N diagram is well predicted by the full-three dimensional fatigue analysis, in which load cycle at failure is judged by monitoring the mode of out-of-plane deformation and deflection at the center of the slab. Fatigue shear failure is recognized as having occurred when a diagonal crack continues to expand but deformation of the surrounding block elements indicates recovery (shear localization). 
Sensitivity of member life to microscopic fatigue damage
A series of sensitivity analyses was carried out on a non-web reinforced RC slab (see Chapter 2) to investigate the mechanism of shortened fatigue life under moving loads. Figure 11 shows deflection versus loading cycles when the amplitude is moderate (37% of static strength under fixed point loading). This load level is not high enough to induce nonlinear creep, so time-dependent deflection is negligible except just after loading. On the other hand, shear transfer fatigue along cracks and bond decay (tension-stiffness) are predominant in both overall deflection and fatigue life. Concrete compression fatigue has comparatively little influence on member fatigue behavior. In fact, attention has been paid to the deterioration of shear transfer along crack planes in previous studies and some flakes and powder were reported to be removed from the crack planes. This sensitivity analysis confirms such observations quantitatively.
In the case of low-cycle fatigue under relatively higher amplitudes, the time-dependency of material mechanical properties becomes comparatively large because of the greater magnitude of sustained stresses during loading, as shown in Fig. 12 . In this case, the behavioral tendency 1.E-01 1.E+00 Fig. 11 Fatigue life sensitivity analysis of RC beams without web reinforcement. 1.E-01 1.E+00 is opposite to that when stress levels are lower. If the time-dependence of material properties is ignored, the computation forecasts shorter fatigue life because stress relaxation is not taken into account. Shear transfer decay under repeated stress is a chief factor affecting RC slab life, as is the case in Fig. 11 . Furthermore, it should be noted that compression fatigue of the concrete cannot be ignored, either.
Sensitivity of shear transfer to fatigue life in water
The exposure of cracks in RC structures to water may affect the shear resisting mechanism. The authors investigated the effect of water on the shear degradation of cracked interfaces under two exposure conditions: fully submerged and with water flowing downward through the cracked interface.
Specimen RCL_W with a single crack was loaded as shown in Fig. 13a while simultaneously being exposed to water kept in the tank as shown in Fig 13b. Except for this exposure to water, the loading history for RCL_W is identical to that of RCL_D2, which was kept in air. The initial conditions are slightly different for both cases with a 0.07 mm difference in initial crack width and 6 MPa in compressive strength. Bearing these variations in mind, the first cycle was applied statically under dry conditions to ensure that the static response was similar, thus allowing comparisons to be made without bias. The overall results are shown in Fig. 13b , in which dilation at the first peak loading is on average lower by 0.25 mm than under dry conditions as shown in Fig. 13a . The differences between the specimens make direct comparison complicated. Nevertheless, the results point to better performance of the dry specimen.
Following the first cycle, the wet specimen was subjected to reversed cyclic loading under fully submerged conditions up to 31 loading cycles. The general trend of the response is similar to that of the dry specimen in air. Further, the relative difference in propagation of shear slip between dry and submerged cases is small, with slightly higher values for the submerged case. It can be said that, although water has some accelerating effect on the damage rate when a specimen is submerged, the relative magnitude of the change is not large. Here, the water was not circulated with drainage piles.
The experiment continued with draining of the water from the tank. The same specimen was further loaded for 11 cycles with an increased maximum shear load level of 1.70 MPa. During this loading process, water was directly poured onto the crack interface and allowed to flow downward as shown in Fig. 13b . This exposure condition greatly increases the probability of washing out of crushed sludge particles due to the penetrating flow of water. The results are also indicated in Fig. 13b . A significant difference in degree of damage can be seen as compared to the test under dry conditions. If the results for the dry test are extrapolated, around 85 additional cycles are required to reach the same shear slip value as exhibited by RCL_W. This accelerated response in water can mainly be attributed to the washing out of crushed particles from the cracks. Further, water at the interface may act as a lubricant thereby accelerating shear slip.
It can be concluded that water, in addition to reversed cyclic loading, can play a significant role in the shear deterioration of cracked interfaces. Hence, based on the fatigue constitutive model for shear transfer in air (Maekawa et al. 2006a , Gebreyouhannes 2006 , the authors propose a simple computational model for transferred shear stress under repeated loading which takes into account the effect of water. It is expressed as, 
where, τ is the transferred shear stress, τ o is the original stress computed by the contact density model (Li and Maekawa 1987 ), δ and ω are crack shear displacement and opening, and ξ and ξ w are acceleration factors to include the effects of loading pattern and water exposure.
Factor ξ is taken to be 1.0 for single-sided fatigue and three orders higher for the reversed cyclic loading case (Gebreyouhannes 2006) . The value of ξ w , which is newly introduced in this study, expresses the effect of water. As shown in Fig. 13b , it takes about 12 cycles to have the shear slip increment of 0.6 mm (from 2.4 to 3.0mm) in dry air, but just 4 cycles for 1.2mm (from 2.8 to 4.0mm) in water. Roughly speaking, one-cycle in water is equivalent to 10-cycles in air. Then, the authors adopted 10 as the value of ξ w for sensitivity analysis. The proposed model can tentatively be applied to combinations of dry and wet cycles either with or without stress reversal by taking definite integrals of the respective loading cycles. In actual situations, the RC infrastructure is normally exposed to continuous wetting and ambient drying over long periods of time (Boothby and Laman 1999) . Hence these combined exposure conditions should be studied in more detail for better simulation of reality. Matsui (1987) investigated the effect of water on the fatigue life of RC decks submerged in water. Fatigue life was reported to be 1/250 less than that of a deck in dry conditions. Figure  14 offers an example simulation of a submerged RC slab whose details are the same as those in Chapter 2 and in which the wet-accelerated condition of shear transfer is assumed to be given by Eq. 1.
The computed fatigue life is dramatically reduced, with about one-order fewer cyclic passes. At higher amplitude, the reduction in fatigue life is comparatively small because shear transfer has a minor effect on life, as discussed in the previous section. The results match the experiment in overall tendency, but on a quantitative basis the computation overestimates the structural fatigue life. This means that reduction of shear transfer due to wetting is an important factor in life reduction but it cannot solely explain slab performance. It has been reported that concrete on the bending compression side is also damaged seriously under coupled conditions of water with load repetition. The opening-closing of crack planes with water present may accelerate compression damage, too.
Effect of water on fatigue strength of concrete in compression
It is known that the compressive fatigue strength of concrete decreases under moist conditions and this characteristic is specified in some practical design codes. In fact, calcium hydroxide is released by concrete in water (Ozaki, et al. 1995) . Further, lots of cement sludge has been found between the pavement laid on bridges and the concrete slab deck. As the compression fatigue of concrete plays a substantial role under moving loads of medium intensity, leading to a life span of 10 3 -10 4 cycles (See Fig. 12 ), the effect of water supplied as rainfall may be deterioration of the life of the deck as well as shear transfer. To investigate this, a sensitivity analysis was carried out as follows. The compression fatigue of concrete is computationally expressed in terms of damage evolution (or as a reduction factor of continuum elasticity) denoted by the following derivative of fracture parameter K c as,
(
where, λ is the term expressing fatigue damage accumulation when incremental elasticity evolves and is formulated with F k , the fracture potential, E o : constant (=2), ε e : compressive elastic strain, R: non-dimensional factor representing amplitude, and g: high cycle fatigue parameter (Maekawa et al. 2006a) . The fatigue cycle number can be calculated by integrating the above rate-type constitutive equation on the hysteresis of elasticity, as shown in Fig. 15 . The compressive fatigue strength of concrete under submerged conditions is known to be reduced by approximately 30% to around 1-million cycles or the fatigue life is reduced to the order of 1/100 as compared to the fatigue life in air (Raithby and Galloway 1974 , RILEM committee 1984 , Kaplan 2004 . Roughly speaking, this implies that the rate of damage evolution is 100 times magnified by water. Thus, to carry out sensitivity analysis related to the fatigue strength of concrete compression, the authors apply a magnified fatigue rate as,
where the term K c influences the slope of S-N curve. Thus, fatigue strength is altered so as to obtain a reduced life similar to the experimental evidence regardless of amplitude level, as shown in Fig. 15 . Figure 16 shows the computed S-N diagram for the RC slab subjected to passes by wheels. The computed fatigue life is reduced by about 1/50-1/80, provided that fatigue deterioration of both shear transfer and concrete compression under submerged conditions is taken into account. This result is not so far from the experimental evidence (Matsui 1987 , Nishibayashi, et al. 1988 . However, in reality, a fatigue life of about 1/250 has been reported experimentally in the laboratory. Thus, the computed fatigue life of RC slabs under water is somewhat overestimated.
In this sensitivity analysis, compression fatigue test results in water are used. These specimens were well cured and it is thought that there was no clear crack on the surface of specimens. In fact, some cracks just above reinforcing bars were found at the very beginning of loading due to drying shrinkage and/or initial defects and stress concentration close to the bars. Then, water can penetrate into early crack planes and it might induce higher rate of deterioration. Initial defeats and their influences on the material and structural fatigue lives will be discussed in the future study.
Effect of boundary conditions
It has been experimentally demonstrated that the fatigue life of slabs under traveling wheel-type loads is prolonged if displacement at the peripheral edge boundaries is inhibited. In order to qualitatively verify this effect, sensitivity analysis was carried out by setting up suitable fixed boundary conditions for displacement. The four sides of the referential slab were idealized as firmly fixed in the transverse direction, while a rotational degree of freedom was allowed. Figure 17 shows the computed S-N diagrams of the RC slab under these boundary conditions.
The number of fatigue punching shear failures increases by more than one order. The failure mode also changes, as shown in Fig. 18 . The zone of shear localization is seen to be more inclined than in the case of a free-translation boundary (see Fig. 8 ). It can be understood that diagonal compression arises between the wheel track and the boundary support as a so-called arch action. Here, we should note that the static punching capacity also increases from 700 to 1000 kN under the fixed boundary conditions. Figure 17 shows the normalized S-N curve based on the fixed-point static capacity according to the assumed boundary conditions. The slope of S-N curve appears to be slightly changed, but a constant slope may be assumed for practical simplicity.
The damage in the longitudinal (travel) direction is not strongly localized but rather has a blunt appearance similar to that shown in Fig. 8 . As a sensitivity check, a simply supported two-way RC slab, set up on the two edge lines in the direction of travel, was analyzed. The computed S-N diagram is similar to Fig. 10 for traveling loads. Under traveling wheel loads, the diagonal crack planes do not propagate toward the track line but spread in a restricted direction toward the main supports. In other words, the failure mode and corresponding fatigue capacity hardly change with transverse boundary conditions. This result qualitatively matches reality. As Matsui (1987) pointed out, the fatigue life can be characterized with respect to failure mode. It can be concluded that the performance of an RC slab under highly pulsating loads chiefly depends on the boundary conditions in the direction of travel. 
Conclusions
Fatigue constitutive modeling of concrete in compression, tension and cracking shear was introduced into 3D finite elements based on the non-orthogonal multi-directional fixed crack approach. The rate-type fatigue constitutive model was directly integrated along with the strain history of structural concrete with cracking. As a result, structural fatigue failure and life cycle were predicted for RC bridge decks. The following conclusions can be reached from this work.
(1) The newly proposed method of 3D fatigue analysis is able to capture the characteristic failure mode of RC slabs and their greatly reduced fatigue life under wheel-type traveling loads. Highly nonlinear crack-to-crack interaction may govern the structural life with regard to shear failure. (2) Shear transfer fatigue along crack planes is confirmed as one of the primary factors governing the fatigue life of RC slabs under traveling loads. (3) The effect of water on the fatigue life of RC slabs was investigated through systematic sensitivity analyses. Accelerated fatigue damage of concrete under compression when in the presence of water was found to play a role in the dramatically reduced fatigue life of members as well as shear transfer. (4) The effect of boundary conditions on the structural fatigue life of bridge decks was quantitatively estimated and the results are backed up by experimental evidence. The constitutive fatigue modeling verified under fixed point and moving fatigue loads was installed into the finite element codes WCOMD for two dimension and three-dimensional DuCOM-COM3. 
